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ABSTRACT 

The investigation of array antenna electro- 

optical signal processors continues with emphasis 

placed on the development of a wide-band solid 

light modulator. 

The light modulator bandwidth and the t ^ns- 

fer characteristics between input voltage and 

peak phase deviation of light wave front are 

obtained experimentally for fused silica light 

modulators operating in the compression mode. 

Transfer characteristics are found to be linear 

as predicted by theory, and bandwidth is found 

to be greater than 50 per cent of resonant trans- 

ducer frequency. 

Electromechanical cross coupling and ultra- 

sonic beam broadening are investigated for both 

the shear and compression modes by means of 

Schlieren techniques. Results show that in a 

multi-channel configuration, adjacent light mod- 

ulator channels may be spaced by one transducer 

width without adverse effects. 

First order diffraction patterns are ob- 

tained for the fused silica light modulator. Re- 

sults are consistent with theory showing that 

no optical distortion is introduced by ultrasonic 

propagation in fused silica. 
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I.  IMTRODÜCTION 

In order to extend the aperture-bandwidth capability of 

real-time electro-optical processors for array antennas, the 

Electronics Research Laboratories of Columbia university has 

been engaged in the development of a wide-band Debye-Sears 

light modulator.  This research program has as its initial 

goal the development of a solid light modulator operating at 

a 100-MHz center frequency with at least a 40-MHz bandwidth. 

This report presents a continuation of the theoretical 

and experimental investigations into the fundamental operating 
characteristics of wide-band Debye-Sears light modulators 

employing solid media.  The theoretical and experimental re- 

search results reported here, together with previous re- 
ports, 1'2 show that: 

(1) The relationship between input voltage and the re- 
sulting peak phase deviation of the light wave front is lin- 
ear as predicted by theory. 

(2) Light modulator bandwidths which are 50 per cent of 

the resonant frequency of the ultrasonic transducer are 
easily achieved. 

(3) Electromechanical cross coupling and ultrasonic 
beam-broadening effects will not preclude a multi-channel 

light-modulator configuration with spacings of the order of 
one transducer width. 

(4) Ultrasonic propagation in a solid does not intro- 
duce optical distortion.  The results which have been ob- 

For numbered references, see Sec. IV. 
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tained are equivalent to those obtained with liquid light 
modulators. 

These theoretical and experimental results indicate the 

feasibility of the solid wide-band light modulator.  Future 

research efforts will be directed towards the practical engi- 

neering problems associated with the use of fused silica 

light modulators in electro-optical processing for array an- 

tennas; this includes:  experimental determination of the 

optimal transducer depth to minimize the input electrical 

power, further investigation of transducer heating effects 

which tmm heeA  previously reported, and investigation of the 

phase coherence properties of piezoelectric quartz trans- 
ducers. 

P-8/321 -2- 



COLUMBIA UNIVERSITY—ELECTRONICS RESEARCH LABORATORIES 

11-     OPERATING CHARACTERISTICS OF FUSED SILICA LIGHT MODULATORS 

The material chosen as the light modulator medium in 

this research has been fused silica.  This material, through 

its use in the manufacture of acoustic delay lines, has been 

shown to possess low acoustic loss at high frequencies and is 

capable of maintaining wide acoustic bandwidths.  In addition, 

it is especially applicable for use as a light modulator me- 

dium since it is a transparent substance which can be polished 

to a high degree of optical flatness. 

This section presents the results of experimental inves- 

tigations into those operating characteristics of fused silica 

spatial light modulators which eure relevant to their appli- 

cation to electro-optical array antenna processing.  The 

specific considerations are: 

1. 

2. 

3. 

4. 

The transfer characteristics between peak input 

voltage nnd the resulting peak phase deviation of 

the light wave front. 

The bandwidth of the light modulator. 

Ultrasonic beam-spreading and cross-channel couplinc; 

characteristics. 

The ability of the solid light modulator to produce 

a first order diffraction pattern as predicted by 

theory. 

MEASUREMENT OF PHASE MODULATION MStD  LIGHT MODULATIOH 

BANDWIDTH 

The previous report* presented the experimental deter- 

mination of the bandwidth characteristics and tue relationship 

A. 

P-8/321 -3- 
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11   OPERATING CHARACTERISTICS OF FUSED SILICA LIGHT MODULATORS 

The material chosen as the light modulator medium in 

this research has been fused silica.  This material, through 

its use in the manufacture of acoustic delay lines, has been 

shown to possess low acoustic loss at high frequencies and is 

capable of maintaining wide acoustic bandwidth^.  In addition, 

it is especially applicable for use as a light modulator me- 

dium since it is a transparent substance which can be polished 

to a high degree of optical flatness. 

This section presents the results of experimental inves- 

tigations into those operating characteristics of fused silica 

spatial light modulators which ?re relevant to their appli- 

cation to electro-optical array antenna processing.  The 

specific considerations are: 

1.  The transfer characteristics between peak input 

voltage and the resulting peak phase deviation of 

the light wave front. 

The bandwidth of the light modulator. 2. 

3. ultrasonic beam-spreading and cross-channel coupling 

char acteristics. 

4.  The ability of the solid light modulator to produce 

a first order diffraction pattern as predicted by 

theory,. 

MEASÜRF.MENT OF PHASE MODULATION ABO LIGHT MODULATIQM 

BANDWIDTH 

The previous report* presented the experimental deter- 

mination of the bandwidth characteristics and the relationship 

A. 

P-8/321 -3- 
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between electrical excitation and spatial phase modulation 

of the light wave-front for fused silica light modulators 

operating in the shear mode. We now present similar measure- 

ments for light modulators employing the compression mode of 

ultrasonic propagation.  These results were obtained with an 

X-cut piezoelectric crystal which was bonded to a fused silica 
blank at CUERL. 

The experimental set-up for obtaining these measurements 

is shown in Pig. 1.  The photomultiplier produces a current, 

proportional to the output light intaasity at the location of 

the 5H scanning slit, which is passed through a load resistor 

R^.     Thus, in the actual measurement procedure, a voltage V 

is measured across RL which is proportional to the light in- 
tensity at the position of the scanning sl.^t. 

In order to be of use in electro-optical array antenna 

processing, the light modulator must be capable of maintaining 

a bandwidth which is at least 50 per cent of the resonant 

transducer frequency.  The bandpass characteristics were de- 

termined by measuring the peak first order light intensity 

as the frequ-ncy of the input electrical signal was varied, 

with the input signal amplitude being held at a fixed value. 

It was found that, although a 100-MHz piezoelectric crystal 

was used, the bonding process in this case lowered the trans- 

ducers resonant frequency to approximately 85 MHz.  The band- 

width, however, is seen in Fig. 2 to be approximately 55 MHz 

which, using the 50 per cent bandwidth criterion, is somewhat 

more than sufficient for electro-optical processing. 

In measuring the relationship between V and ^ , we make 

use of the fact that, under the condition that # < 0.2 ra- 
aian^2

the ratio of first order to zero order light intensity3 

is -jj- : 1.  Thus if the detector output voltages which are 

P-8/321 _4- 
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HG.   1        SYSTEM 
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measured when the scanning slit is positioned at the center 
of the zero order and first order diffraction fringes are 
respectively,   Vo and V^   theni 

from which *ra m3iy be determined. 

The theoretical relationship between ^ and V  for 

the cor^ression mode of ultrasonic propagation in fSsed sil- 

ica (assuming polarization of the incident light perpendicu- 

lar to the direction of ultrasonic propagation) has been 
shown to be:1 

* 
?7rLnJpk 

ra AE V m 

where: 

n * o 

L = 

X m 

P • 

£ ■ 

k m 

unstressed refractive index 

active transducer depth (dimension of back 

electrode along light path) 

light wavelength 

Neumann's "p" constant 

Young's modulus 

electromechanical coupling coefficient of 

piezoelectric transducer. 

It is seen therefore that, theoretically, a linear re- 

lationship exists between >m and Vm. Although the average 

values of the above physical constants have been measurr1 to 

P-8/321 
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sufficient accuracy to be useful in predicting approximate 

voltage requirements, their precise values will depend on the 

exact composition of the individual piece of fused silica. 

In addition, the available value of the photoelastic constant 

P, which aside from exhibiting possible variations with the 

composition of the medium is also a function of light wave- 

length, has been measured by Primak and Post4 for a 0.5890-ti 

light source.  In these experiments however, the light source 

wavelength was 0.6328 n.  It is therefore possible to obtain 

only an approximate theoretical value of the constant of pro- 
portionality between ^ and V 

m     m* 

The experimental measurements of ^  as a function of 
Vm are Presented in Pig. 3.  Included in the same figure is 

the theoretical relationship which was obtained using the 

available values of the relevant physical constants.  It is 

seen that the experimentally determined relationship between 

^m and Vm is linear within experimental error, and that the 

input voltage requirements for specific values of peak phase 
deviation can be approximately predicted. 

B-   ULTRASONIC BEAM BROADENING AMD CROSS CHANNEL COUPLING 

It has been shown3 that the maximum number of light 

modulator channels which may be fitted into an optical aper- 
ture of width W is given by: 

N = ^ 
2WDS (II-1) 

where: 

f = frequency of electrical signal exciting piezo- 
electric transducer 

s 

D 

= ultrasonic velocity of propagation 

= aperture length along the direction oil  sonic 
propagation. 

P-3/321 
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FIG.   S       PEAK   PHASE MODULATION   „.  PEAK INPUT VOLTAGE  FOR A FUSED 

SIUCA  UGHT-MODULATOR EMPLOY.NG COMPRESSION  «ODE TRANSDUCE 
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• 

This relationship has been derived through consideration 
of ultrasonic di«raction e«ects.     it has heen shot' tha 
for longitudinal waves,   ultrasonic propagation in a^olid 

aga iT: l^"^^ ^ — 1- M electromagnetic prop. 

tLt    du' to    "'     ^ thiS analySiS " h" be- ""-^ tnat,   due to ultrasonic diffraction    f-h« y.^ 
" le shown in Pig.  ».    Ihe 1" Z'       ' "T iCtUally *'— 
given byä "  SPreadin9 «9le    6,.    is s 

2A 
0    = -_s 
s        b 

":: Virtirtransducer - *- -——- s 

2DÄ 
w^ = DO    =  s s s b * 

which'irbe'TttT":"that"" 'naximum aun,ber o£««—" 
ll-l*J^ ^ 9iVen •«*rt»" °f width K is 

•■ - rti«hbe ttranEducer spacin9 wMch -"" -—«> ° ^ cross talk between adjacent channels due to ultrasonic 

be- spreading is eliminated, one criterion which haTbeen 
employed successfully3 Is to n«^ *.v. 
such that, mit '^ nUraber 0f Chaj-^« 

W =  WsN = 
2DA s 

N ClI-2) 

T^Z:: Lrtttrof the -,—*—^ •— 
W = 2bN  . 

Thus Eq. Ii-i is obtained from II-2 and II.3. 

(II-3) 

P18/321 
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Fir,. 4       ULTRASONIC   DIFFRACTION  IN A SPATIALLY   MULTIPLEXED , 
DEBYE-SEARS LIGHT MODULATOR 
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essJrtl    TV,   rMtrlCtl0n ^   f«-3»  «as foond to be nee ese^y to «inl«!« ^ „„„^^ electrlcal .^.^ 

couplt^ effects whloh «y exiet ,t the ri.,n, 

for f!'Lre
i

1r(
tl0n',hiP ^""^ in •* ttt-«  ls n- verift., 

pie" r r^T: r:urr i:the ^^^— 
„h^    . ' *  ^ 6 a'b'c ^i^ are Schlieren itz of uitra8onic—c—* -es, resP:r 
eratel^ T98* ^ ^ ^^ ^ Ph0t^^s' -hich were delib- 
erately overexposed, were obtained with a 7R «m,  • 
taneously excitina tw« ^   „   ea with a 75-MH2 Slgnal simal_ 

> exciting two transducers which were 3-mm wide and 
separate by a distance of P ^  T^ 
the shear Li of 2 run.  it is seen that, for both 
tne shear and compression modes the ^amo 
«lusted to evota Vroes tllk "  T ^rCTaln «"«^iently 
ch,n.o.i " "—"««■» electro-me- 
chanical crose channel counllno • ~h~*~        ,. 
each ^«.i coupling, a photograph was taken of 
each configuration using a low excitation and a 1-second ^ 

P°sure (.igs.5b and 6h).  one electrical co^ection Is then" 

^h w^tT"9 ^ ^ eleCtr0ae - *-- - a phot 
graph was taken using an electrical excitatio. lc tines as 

^rge with a 3-second exposure  (Figs 5c and fic>   .  , 
is evidp.ni- +***  ,   , , v'J-gs. ^c and 5cj.  Now it 
s evident that any deleterious electro-mechanical cross 

coupling would cause a spurious sig.^1 to be generated at th 

unexcited electrode.  Since, howeve, (by Pigs.'sb ^ 'i " 

xto eoto :bserve m acouetic mve "-^—- excitation one tenth of that which produced Wgs    5c and fie 
hen    by linearity of    ,_ and ^   any diffractL' li'ghtl    ' 

veritL^t1"9 ^ el—^"^ «ess coupling is verified to be supressed by more than 20 db. 

«EASUREMEW OP  ^«ST «nm   rr^ Hg^g B^^p, 

us- iTt:: TJuziirtiTzvot the ii9ht —— wru-opcxcai array antenna processor is that 

C. 

P-8/321 
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WRECTK»  Of ULTRASONIC   ««OPASATION 

5a « BOTH   TRAMSOÜCERS   EXCITED 
INPUT  VOLTAGE » Vu 
EKPOSURE  TIME ^ T 

5b _ BOTH   TRANSDUCERS   EXCITED 
INPUT  VOLTAGE  =  V,n/IO 
EXPOSURE   TIHE ' T 

5C _ (ME   TRANSDUCER   EXCITED 
INPUT   VOLTAGE s Vj,, 
EXPOSURE  TIME i 3T 

8I0H-321-0140 
A-32I-S-03I7 

FIG.  5 
SHEAR   MODE   TRANSDUCERS - EXPERIMENTAL   SCHLIEREN 
PHOTOGRAPH.C   STUDr   OF ULTRASONIC   BEAM   BROADENING 
AND   ELECTRO-MECHANICAL   CROSS-COUPLING. 

P-8/321 
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««ECTIOM   OF ULTRASONIC   PHOPACATIOW 

60 _ BOTH   THAWSOUCERS   EXCITKD 
INPUT V0LTA6E  «  V^ 
EXPOSURE TMiE * T 

&t _ 80TH   TRANSDUCERS   EXCITED 
INPUT  VOLTAGE = V^/iO 
EXPOSURE   TIME = T 

6C _ ONE   TRANSDUCER EXCITED 
INPUT   VOLTASE  -  Vj, 
EXPOSURE   TIIIE = ST 

»0H-S2I-0I39 
A-32I-S-03I8 

FIG. 6     COMPRESSION   MODE   TRANSDUCERS - FXPFP^PK.™    ^ 

PHOTOGRAPH.C   STUDY  OP UL^sL.C   ^BR^^rNr^ 
AND ELECTS-MECHANICAL   CROSS-COUPLING 

P-8/321 
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they introduce no optical distortion resulting from ultra- 
sonic propagation in the light modulator medium    i  e 
the acoustic wave must act as a pure diffraction g^Ing 
Producing a first order diffraction pattern consisten. with 
the aperture dimensions and  the frequency of excitation 
For an aperture of length D  (dimension along direction of 
sonic propagation)  and an electrical excitation of frequency 
f,   the first order diffracted  light intensity as  a function 
of the ontput  variable u should te proportional to- 

sin 7ri)(u  - f  ) 

7rD{u - f  ) 

where: 

f    ■ 
s -  spatial  frequency  (cycles per meter) 

S =  sonic velocity 

The firet ord^r intensity therefore is,   theoreticeUv,   a 
replica of the sero order pattern,   with its peak occurring 
at the point: 

u=  fs     . 

The uutput variable u is given ty: 

vrtiere: 

x^ =  linear displacement of first 
sity 

order peak inten- 

P-8/321 
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A ■ light wavelength = 6328 X lü"Xom 

F = focal length of integrating lens » 1 m . 

In this measurement« 

f = 70 MHz 

S » sonic velocity 5968 m/sec 

and the theoretical displacement of peak first order inten- 
sity is therefore: 

3^ = 7.42 mm . 

Using the scanning apparatus shown schematically in 

Fig. 7, the first order light intensity distribution was re- 

corded (Fig. 8) using a phase deviation of * «0.2 radians 
The aperture dimensions in this case weres 

D - 30 mm (length of aperture along dimension of sonic 
propagation) 

b = 4 mm (width of aperture = width of transducer). 

Since the direction of sonic propagation is in the x 

direction, only the output distribution as a function of the 

output variable u is of interest.  Th4 location of peak 
first order intensity was found experimentally to be: 

^ = 7.5 mm . 

This distribution may be compared with that of the zero 
order as shown in Pig. 9.  It is seen that the light ^^ 

sity at the first nulls is 26 db below the peak in the zero 

order pattern as compared with approximately 22 db below peak 

xntensity in the first order. This may be caused by errors 

introduced by the integrating lens which must operate off its 

P-8/321 
-16- 
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p-AAAr—-|i 

A-32l-S-0i>05 

FIG.   7 EXPERIMENTAL   READOUT  MECHANISM   DIAGRAM 

P-8/321 
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(IP)    AilSNaiNI   iHOn   3All»13d 

i-321-S 

FIG.   8 POSITIVE   FIRST  ORDER   LIGHT   INTENSITY 
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(W)   A1ISN31NI   IHOn   3All»13tj 

FI6.   9        ZERO   ORDER   LIGHT   INTENSITY 

B-32I-S-030I 
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optic axis in producing the first order distribution.     In 
general, however,  it is seen that the first order diffraction 
pattern is a nearly ideal replica of the zero order. 

P-8/321 
-20- 
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III. JgASOREKEOT OP SCATTRPPn ggg IMTRMgT11v 

differ1"1 aPertUre ^ ^^ D Wil1 P^-« « «ro order 
oftToT r"" WhOSe llght di8t^^on as a function of the output variable u win  -K« ~< ^     /• «xaoxe u will be given by (Pig. IQ) : 

^c«) - fie sin TTDIIV 
\    ITDU   y 

where k = constant. 

de^l^ ^ ^ ^   «* * "^ ^ *>   - * 

L( u) = fjL.y 

of   VuK Seen ^   Ltu)   iS the enveloj,e of *• **• !«*•. 

In generax,   the «easmred light leva! „tn be somewhat 
higher then that given bv  r.r., l .^ somewnat 
is scatters K ^  L( ° )   resulting from light which 
is scattered because of inperfections in the lens surfaces 

"It6 ITT "^ tend8 t0 0bSCUre the ^«"^ °' Pe" 
the i:: r .Tr1^•thuB deoreasin9 the *-1« —' - 
ascl.   J      COUr8e de3irable t0 k^ the "** level 

intLe t V
3  POSSil>le ^ the i,äeal ^ ^ 0^Ut ^- ° 

tW si  rSUreBent 0f the s""«ea light in this op- 
ical letl  ^ PreSented ^ Fl9- U "^ >'ith «- "-eoret- ical level. The output region of interest is noted in Pig n 
Xt is seen that the scattered light level in this region L 
approximately 5 db above the theoretical value 

f-S/SSl 
-21- 
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tv-fsags.)' 

A-32I-S-0306 

FIG.   10     IDEAL   ZERO  ORDER   LIGHT   INTENSITY   DISTRIBUTION   FOR APERTURE 
OF   LENGTH   D 
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UPI   AllSM3i.N(   IHOn   3AI1V13M 

A-32I-S-0307 

FIG. II SCATTERED   LIGHT   LEVEL OF OPTICAL  SYSTEM 
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